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[57] 
A surface used as a space ?lter in electromagnetic 
space. The ?lter surface is formed as a periodic array of 
recurrent ?lter components clustered in groups of three 
each incorporating pairs of elements extending out 
wardly at an internal angle of 120°. A reactive load 
present as a U-shaped loop is coupled with the terminal 
portions of each element and extends outwardly there 
between. 
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SPACE FILTER SURFACE 

The invention described herein was made‘ in the 
course of work done under a contract from the U.S. Air 
Force. ' ‘ ~ 

BACKGROUND 
Investigators have ‘expended considerable effort in 

.the study of surfaces in space which are selectively 
passive to the transmission of electromagnetic energy. 
These surfaces are con?gured as thin periodic arrays of 
either slots or dipoles. In consequence of Babinet’s prin 
ciple, the results of theoretical analysis of the former 
?nd direct applicability to the latter. ‘ 

Collectively, periodic arrays of slots or dipoles func 
tion as band-?lters of electromagnetic radiation. Con 
ceptualized from a circuit standpoint, periodic arrays of 
dipoles are band-stop, or re?ection ?lters. Within their 
operating band, properly designed periodic arrays of 
dipoles re?ect incident signals in a manner comparable 
to a highly conducting solid metal surface. Outside of 
this re?ection band, however, incident signals pass 
through the array of dipoles. Periodic arrays of slots 
perform a ‘complementary roll with respect to dipole 
arrays. For example the periodic slot arrays function as 
an electromagnetic window within their operating 
band, i.e. they are band-pass'devices permitting the 
incident electromagnetic signals to pass through the 
array. Outside of the operating band, such arrays be 
come opaque, serving to re?ect the incident signals. 
A variety of applications utilizing these space ?lters 

have been proposed. For example, a periodic array of 
dipoles can be, employed to replace the solid metal sur 
face for applications in which an extended re?ection 
bandwidth is not needed or may be undesirable. Arrays . 
of crossed dipoles have been employed as a Cassegrain 
subre?ector in a dual-frequency antenna system, while 
arrays of slots have been applied in the design of ra 
domes, particularly those intended for use with aircraft. 
Such radomes promise several operational improve 
ments. For example, conventionally structured aircraft 
radomes, formed of rigid dielectric or ceramic materi 
als, may develop precipitation noise at high speeds and 
occasioned by static charge buildup and subsequent 
discharge to the airframe. Such discharge has repre 
sented a hindrance to the performance of enclosed 
equipment. Re?ection lobe phenomena are typically 
encountered in most applications, and as requirements 
for- scan angle ?exibility have enlarged, a variety of 
effects are encountered. For instance, a transmission 
loss and phase distortion maybe witnessed. Further, the 
equipment enclosed by more conventional radomes is 
susceptible to lightning damage as well as to thermal 
problems developed by poorly controlled frictionally 
induced skin heating. 

Metallic radomes promise such advantages as the 
elimination of precipitation noise, inherent lightning 
protection, improved shielding against spurrious low 
frequency pulses due to the above-noted band-pass ?lter 
characteristics; and a potentially improved mechanical 
strength. However, due to aerodynamic design con 
straints, the geometric shapes which the radomes must 
assume (for example, ogival or conical) have developed 
a need to accommodate relatively large scan angles of 
incidence. ‘ '7 ; - . . 
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2 
One slotted array structure contemplated for use 

within aircraft radomes is described in U.S. Pat. No. 
3,975,738. See also the following publication. 

I. Pelton, E. L. and B. A., Munk, “A Streamlined 
Metallic Radome,” IEEE Transactions on Anten 
nas and Propagation, Vol. APA-22 No. 6, Nov. 
1974, pp. 799-803. 

The slot elements of the array there described are in a 
general “Y” shape, each slot element being formed as a 
continuous geometric shape with adjacent outwardly 
disposed arms being arranged at angles of 120° with 
respect to each other. The reactive loading achieved 
with the noted geometry achieves. a frequency-stable 
pass for a broad range of incident signals and accommo 
dates polarization variations. However, the structure, 
which must be formed by chemical etching, requires a 
supportive substrate inasmuch as “islands” of conduc 
tive or metallic material are situated within each cluster 
of the noted arms. This feature necessarily poses a limi 
tation upon the strength of any radome utilizing the 
design and requires the presence of a supporting dielec 
tric substrate. As is apparent, the mechanical integrity 
of the slot structure is impaired with such an arrange 
ment. 
Another structure con?gured to avoid difficulties 

encountered due to incidence angle variations is de 
scribed in U.S. Pat. No. 3,789,404. In this document 
arrays are described comprising resonant short dipole 
elements of length less than one half wavelength which 
are loaded in the manner of a two-wire transmission 
line. Further, a similar array structure has been utilized 
to develop a space ?lter for use as a low loss dichroic 
plate permitting the simultaneous single antenna trans 
mission of both X and S band energy. Such an arrange 
ment is described in U.S. Pat. No. 3,769,623. 

SUMMARY 

The present invention is addressed to an improved 
space ?lter, one important utility of which resides in its 
use as a radome structure for aircraft and the like. The 
?lter is characterized in exhibiting a substantial immu 
nity from loss of transmission or reception at the reso 
nant frequency of interest over a variation of radiation 
angles of incidence. Further evidencing quality bore 
sight performance, the geometry of the periodic ?lter 
array is such as to improve its mechanical structural 
integrity through the elimination of “island” pro?les in 
?lter component de?nition. The latter aspect of the 
invention serves to facilitate its fabrication through the 
elimination of a need for supportive dielectric substrates 
and through the availability of dual surface chemical 
machining procedures. 
Another feature and object of the invention provides 

for a period array of ?lter components which can be 
closely nested or spaced under rigid design criteria, 
while still avoiding loss of structural integrity as a con 
sequence of the proximity of portions of those compo 
nents. 
A further feature and object of the invention is to 

provide a space ?lter of a variety incorporating a sur 
face disposed array of recurrent ?lter components ar 
ranged in a periodic pattern. The ?lter components are 
formed as a pair of thin elements each extending from a 
terminal portion thereof to de?ne linear portions which 
are mutually disposed at an internal angle of about 120°. 
Intermediate the linear portions is a reactive load pref 
erably formed in loop or U-shaped fashion and con 
nected at the terminal portion. From the linear portions 
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of each element there extends an outward, “?aired”, 
portion which is integral therewith and extends from 
each element to provide, upon combining clusters of the 
element, a mutual parallel relationship. The clusters 
within the array are arranged in a triangular grid, the 
height of the triangular geometry de?ning that grid 
being less one half of the wave length of the resonant 
frequency of interest. The clusters within the recurrent 
or periodic pattern of the array are closely nested by 
placing the load loop structure of one ?lter component 
in adjacency with the mutually disposed outward, 
“flaired”, portions of the thin elements of each ?lter 
component. 

Other objects of the invention will, in part, be obvi 
ous and will, in part, appear hereinafter. 
The invention, accordingly, comprises the apparatus 

possessing the construction, combination of elements 
and arrangement of parts which are exempli?ed in the 
following detailed disclosure. For a further understand 
ing of the nature and objects of the invention, references 
should be had to the following detailed description 
taken in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an enlarged plan view of a slot ?lter compo 
nent utilized in earlier radome applications; 
FIG. 2 is a ?lter component in slot con?guration 

according to the present invention; 
FIG. 3 is a schematic representation of a conical 

radome in conjunction with a high performance aircraft 
pro?le; 
FIG. 4 is a plan view of a triangular grid of three 

?lter components arranged according to the invention; 
FIG. 5 is a photographic representation of a periodic 

array of ?lter components according to the invention; 
FIG. 6 represents the result of the measured E-plane 

radiation pattern of a parabolic transmitting antenna, 
taken with and without a radome con?gured according 
to the invention at a scan angle of 0"; 
FIG. 7 shows measured H-plane radiation corre 

sponding to the measurement depicted in connection 
with FIG. 6; ' 

FIG. 8 shows the results of measuring the E-plane 
radiation pattern of a parabolic transmitting antenna 
taken with and without radome con?gured according 
to the invention and at a scan angle of 40°; 
FIG. 9 shows the results of measuring the H-plane 

radiation pattern of the arrangement of FIG. 8; 
FIGS. 10A-10E show measured E-plane boresight 

error introduced by a radome according to the inven 
tion as a function of scan angle for selected signal fre 
quencies around resonance, FIG. 10A representing a 
frequency of 14.40GHz, FIG. 10B showing a frequency 
of 14.5OGHz, FIG. 10C showing a frequency of 
14.55GI-Iz, FIG. 10D showing a frequency of 
14.60GHz, and FIG. 10E showing results at 14.70GHz; 
and 
FIG. 11 shows measured H-plane boresight error 

introduced by a radome formed according to the inven 
tion as a function of scan angle for selected frequencies 
around resonance, FIG. 11A showing results at 
14.40GHZ, FIG. 11B showing results at 14.50GHz, 
FIG. 11C showing results at 14.55GHz, FIG. 11D 
showing results at 14.60GHz, and FIG. 11E showing 
results at 14.7OGHz. 
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DETAILED DESCRIPTION 

FIG. 1 illustrates an earlier development in a slot 
array intended for an aircraft radome. Note that the slot 
at 10, formed within a thin metallic surface 12 supported 
by a dielectric substrate (not shown) exhibits a generally 
“Y” shaped geometry which was particularly selected 
to derive an enhanced performance in conical shaped 
radomes. The design of the slot 10 evolved from earlier 
theory establishing that arrays of straight half-wave 
length slots exhibit sizable shifts in resonance for vary 
ing incidence angles. In this regard reference is made to 
the following publications: 

II. B. A. Munk, R. G. Kouyoumjian, and L. Peters, 
Jr., “Reflection Properties of Periodic Surfaces of 
Loaded Dipoles,” IEEE Trans. Antennas Propa 
gat., vol. AP-l9, pp. 612-617, Sept. 1971 

III. C. C. Chen, “Transmission of Microwave 
through Perforated Flat Plates of Finite Thick 
ness,” IEEE Trans. Microwave Theory Tech., vol. 
MTT-2l, pp. 1-6, Jan. 1973. 

Such straight slots generally are considered unsuitable 
for the broad angle of incidence encountered in a 
streamlined radome. Publication II above also describes 
that shorter slots, capacitively loaded at their centers 
may be employed to stabilize an array resonant fre 
quency over a relatively broadened range of incidence 
angles. A bipolar slot geometry in the shape of a cross 
has been developed for applications requiring arbitrary 
polarization. However, the geometry shown at 10 was 
early found preferable for a radome application inas 
much as a triangular grid structure of the clustered 
elements was found more suitable for maintaining the 
required periodicity on a radome shape as well as pro 
viding superior resonant frequency stability in applica 
tions where the signal polarization varies with respect 
to grid orientation. A more detailed discourse concern 
ing the geometry of arrays utilizing the structure at 10 is 
provided in publication I, above. 
Looking further to the geometric shape of slot 10, it 

may be noted that the slot fully surrounds what amounts 
to a ?oating metal insert 14. This insert must be sup 
ported upon the dielectric substrate of the structure. 
Accordingly, the structure itself must rely for its me 
chanical integrity upon the adhesion of island 14 to the 
substrate. Additionally, inasmuch as the slot arrays are 
fabricated by a photo-etching technique the thickness of 
the metal substrate 12 which can be accommodated 
becomes limited inasmuch as etching can only be car 
ried out from one surface of the structure. Additionally, 
plating techniques requiring electrical continuity can 
not be employed to form the structure formed. 
Looking to FIG. 3, an aircraft mounted radome ap 

plication for a space ?lter is represented in generalized, 
schematic fashion. The ?gure shows the airframe of an 
aircraft at 16 including a cockpit canopy 18 and a coni 
cally shaped metallic radome 20. Within radome 20 
there is schematically represented a dish-type antenna 
22 of conventional structure from which electromag 
netic radiation is projected as represented by vectors 24 
and 26. Rotation of antenna 22 will be seen to require 
projection into radome 20 at a broad variety of angles of 
incidence. 
Looking to FIG. 2 a con?guration for a space ?lter 

according to the present invention is revealed. Shown 
in a slot embodiment, the con?guration is formed of a 
cluster of three ?lter components. Each of these ?lter 
components is formed having a pair of thin, somewhat 
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elongate linear portions 30 and 32 which are coupled at 
their terminal portions to a capacitive, reactive load 34. 
Capacitive, reactive loads as at 34 serve to stabilize the 
resonant frequency of the ?lter surface with respect to 
the incident angle and polarization characteristics of 
impinging electromagnetic radiation. In providing an 
analysis of scattering by a two-dimensional array of 
loaded dipoles, publications II and III necessarily con 
sider the loading, ZL (inductive-reactive in the case of 
dipole theory and capacitive-reactive in the case of 
complementary slot theory) for the multi-element ar 
rays. Such loading, ZL, as described in virtually all 
electromagnetic texts, is de?ned by the general formula: 

where Z0, is the characteristic impedance, B = 27T/)\ (A 
being wavelength) and, I, being the length of the ele 
ment longitudinal component (30, 32 in the embodiment 
of FIG. 2). The above referenced US. Pat. No. 
3,789,404 provides further elaboration upon loading, 
particularly as related to dipole elements within arrays. 
Through the principle of duality, the loading consider 
ations therein described concerning dipoles are corre 
spondingly applied to the design of arrays of loaded 
slots. Load 34 is geometrically shaped as a loop or a 
“U”, one termini of each side of which is coupled to the 
aforesaid corresponding element terminal portion. 
Note, additionally, that load loops 34 extend outwardly 
between respective linear portions 30 and 32 of each 
?lter component. Each of the linear portions 30 and 32, 
respectively, is fashioned having an outwardly disposed 
portion, shown respectively at 36 and 38, which extends 
to a terminus. Linear portions 30 and 32 are mutually 
disposed at an internal angle of 120°, while the outward 
portions thereof at 36 and 38 are mutually parallel as 
well as being parallel to the sides of the load loops 34. 
As is apparent from the ?gure, the linear portions 30 
and 32 also may be described as being symmetrically 
disposed about, and at an angle of about 60°, with re 
spect to an imaginary axis bisecting them. Generally, 
the combined lengths of extended portions 36 and 38, 
linear portions 30 and 32 and load loop 34 will be on the 
order of one half of the wave length of the selected 
resonant frequency of the ?lter. It further may be ob 
served that the ?lter components within the recurring 
clusters of three thereof are arranged in a symmetrical 
fashion in close mutual adjacency. Additionally, the 
adjacent linear portions, as at 30 and 32, are arranged in 
a spaced, parallel relationship the clustering also may be 
described as one wherein the above-described imagi 
nary axis of any given one of the three ?lter components 
is disposed with respect to an adjacent other one of 
those axes at an angle of about 60° thus deriving the 
noted symmetry thereof. As indicated above, for ra 
domes applications, it is appropriate to employ a triang 
ular grid structure of the clustered elements. This form 
of grid structure is more suitable for maintaining the 
required surface periodicity on the structure as well as 
providing for resonant frequency stability under signal 
polarization variations with respect to grid orientation. 
Looking to FIG. 4, such a triangular grid geometry is 

revealed, the ?gure showing three element clusters 
represented generally at 40, 42, and 44. FIG. 4 addition 
ally reveals that the triangular geometry forming the 
grid has a trianglede?ned height h of less than one half 
of the wave length of the characteristic resonant fre 
quency of the ?lter. Looking additionally to FIG. 5, it 
may be observed that this height also may be repre 
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6 
sented as the distance between adjacent rows of recur 
ring clusters of ?lter components within the array. 
FIGS. 4 and 5, additionally reveal an important as 

pect of the invention as it resides in the geometry of the 
outwardly extending or “?ared portions” 36 and 38 of 
each element. With the arrangement of the invention, a 
closer nesting of the clusters is available, inasmuch as 
the load loops 34 can be positioned in alignment with 
outwardly extending portions 36-38. As a consequence, 
the mechanical integrity of the array is assured while 
the necessary close spacing of the clusters remains 
available. 

In the discourse to follow, performance tests of a 
slotted copper conical radome having a length of 6 feet 
4 inches and a base diameter of 25.5 inches are de 
scribed. The slotted copper surface of the radome was 
approximately 64% metal and no supporting dielectric 
was used for purposes of either ?lling the slots or as a 
supporting substrate. All data deriving the results were 
taken at the radome’s 14.55GHz center frequency, i.e. at 
resonance. 

As an initial test of the quality and signal transmission 
through the metallic radome, a 14 inch diameter para 
bolic antenna was placed inside the radome and radia 
tion patterns were measured, for selected scan angles of 
the antenna with respect to the radome axis. Four of 
these measured antenna patterns are shown in FIGS. 
6-9, for ?xed antenna scan angles of 0° and 40°, FIGS. 
6 and 8 showing measured E-plane radiation patterns at 
respective scan angles of 0° and 40". FIGS. 7 and 9 
show measured H-plane radiation patterns, respec 
tively, for 0° and 40° scan angles. These ?gures demon 
strate that radiation patterns obtained by transmitting 
through the metallic radome compare well with the 
same patterns taken without the radome present. The 
patterns do show that there is less than about a 0.8dB 
insertion loss introduced by the radome in the main 
beam direction of the pattern regardless of scan angle or 
polarization. The second difference between the pat 
terns taken with and without the metallic radome is 
represented by the presence of a small ripple superim 
posed on the side-lobe structure of the antenna pattern 
with the radome present and is a result of a small signal 
re?ection within the cavity formed by the antenna and 
radome. Conventional dielectric radomes can be ex 
pected to exhibit similar re?ection lobes. 
Another important aspect of radome performance 

resides in the effects encountered by insertion of phase 
variation introduced by transmission through the ra 
dome. The effects may be evaluated by gauging bore 
sight error. In carrying out a test on the above 
described radome embodiment, the 14 inch diameter _ 
parabolic antenna was ?tted with dual open-ended 
wave guide feeds which were phased to obtain a pattern 
null in the direction of the antenna axis. A receiving 
horn was mounted on a slotted-line carriage, positioned 
perpendicular to the line of sight between the two an 
tennas, at a range of 10 meters from the parabolic trans 
mitting antenna. To obtain the boresight error at a spe 
ci?c scan angle from the radome axis, the radome was 
rotated to the desired axis angle, the receiving antenna 
was moved along the slotted-line carriage, and the posi 
tion of the antenna pattern null was recorded from the 
Vernier scale on the slotted-line carriage. The radome 
was then rotated out of the signal path and the null 
position without the radome present was again deter 
mined and recorded. The boresight error was then ob 
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tained by dividing the difference between the null loca 
tions, obtained with and without the radome present, by 
the range between the parabolic transmitting antenna 
and receiving horn. For a range of 10 meters, one centi 
meter displacement of the null corresponds to one milli 
radian (mrad) boresight error. . 
Measured E- and H-plane boresight error curves for 

signal frequencies of 14.4, 14.5, 14.55, 14.6 and 14.7 
GHz are shown, respectively, in FIGS. 9A-9E and 
IDA-10E. The boresight error data are shown plotted 
as a function of antenna scan angle for scan angles in the 
range of 0° to 45". In the ?gures, a positive value of 
boresight error indicated that the direction of transmit 
ted signal is deflected away from the radome axis direc 
tion. Inversely, a negative boresight error value means 
that the signal is de?ected toward the radome axis by 
the amount of boresight error. Examination of curves of 
FIGS. 9A-9E and 10A-l0E reveals that boresight error 
values are quite small over the entire frequency range 
from 14.4 to 14.7 GHz. Speci?cally, the E-plane bore 
sight error at the center frequency of 14.55 GHz (FIG. 
9C) has a maximum value of 3.4 milliradians at a scan 
angle of about 8°, with the values elsewhere over the 0° 
to 45° range being, for the most part, less than 1 millira 
dian. The H-plane boresight error curve at resonance 
(FIG. 10C) shows similar performance, with a peak 
boresight error of 2.5 milliradians. 

Since certain changes may be made in the above 
inventive apparatus without departing from the scope 
of the invention herein involved, it is intended that all 
matter contained in the above description or shown in 
the accompanying drawings shall be interpreted as illus 
trative and not in a limiting sense. 
What is claimed is: 
1. In a space ?lter of a variety incorporating a surface 

disposed array of recurrent ?lter components mutually 
arranged in a periodic pattern, the improvement com 
prising: I 

a surface incorporating a cluster of three discrete 
mutually spaced ?lter components, each said com 
ponent comprising a pair of thin elements each 
extending from a terminal portion thereof to de?ne 
linear portions, said linear portions being symmet 
rically disposed about, and at an angle of about 60°, 
with respect to an axis bisecting them; 

means de?ning a reactive load connected with each 
said terminal portion and con?gured as a loop sym 
metrically disposed about said axis and extending 
outwardly between said linear portions; and 

the said axis of any given one of said three ?lter com 
ponents being disposed with respect to an adjacent 
other one of said axes at an angle of about 60° 
whereby said ?lter components within said cluster 
are mutually symmetrically disposed; and the adja 
cent linear portions of said three ?lter components 
being mutually spaced and de?ning an open ended 
surface region whereby all portions of said surface 
are present in the array and in a continuous fashion. 

2. The improved ?lter component of claim 1 wherein 
a said element is con?gured having an outward portion 
integral with and extending from said linear portion a 
predetermined distance to a terminus and mutually op 
positely disposed at an internal angle greater than said 

3. The improved ?lter component of claim 1 in which 
said recurrent ?lter components are present as slots 
within a conductive surface to provide a band-pass 
function. 

4. The improved ?lter component of claim 1 in which 
said recurrent ?lter components are present as conduc 
tive dipole elements to provide a band stop function. 
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5. The improved ?lter component of claim 1 in which 
said means de?ning a reactive load loop con?guration is 
geometrically shaped as a, U, one termini of each side of 
which is coupled to a corresponding said element termi 
nal portion; and 

each said element is con?gured having an outward 
portion extending from said linear portion a prede 
termined distance to a terminus and in paralleled 
relationship with an adjacent said U side. 

6. The improved ?lter component of claim 1 wherein 
each said element is con?gured having an outward 
portion integral with and extending from said linear 
portion a predetermined distance and disposed in paral 
lel relationship with said bisecting axis. 

7. The improved ?lter component of claim 6 in which 
said outward portion predetermined distance is less than 
the length of an associated said linear portion. 

8. A space ?lter comprising: 
a periodic array of recurrent ?lter components pres 

ent as slots within a conductive surface, each said 
?lter component including; 

a pair of thin, elongate elements each extending from 
a terminal portion thereof to de?ne linear portions 
said linear portions being symmetrically disposed 
about, and at an angle of about 60°, with respect to 
an axis bisecting them; 

means de?ning a capacitive, reactive load formed as a 
slot within said conductive surface and connected 
with each said terminal portion of the said linear 
portions of a said pair of elements and extending 
outwardly in the form of a loop symmetrically 
disposed about said axis; and 

said ?lter components being positioned within said 
array in recurring clusters of three discrete compo 
nents arranged symmetrically in close mutual adja 
cency, the said axis of any given one of said three 
?lter components being disposed with respect to an 
adjacent other one of said axes at an angle of about 
60°, the adjacent linear portions of said three ?lter 
components being mutually spaced and de?ning an 
open ended surface region whereby all portions of 
said conductive surface are present within said 
array in continuous integrally associated fashion. 

9. The space ?lter of claim 8 wherein each said ele 
ment is con?gured having an outward portion integral 
with and extending from said linear portion a predeter 
mined distance to a terminus and mutually oppositely 
disposed at an internal angle greater than 60°. 

10. The space ?lter of claim 8 in which the distance 
between adjacent rows of said recurring clusters of 
?lter components within said periodic array is less than 
one half the wavelength of the resonant frequency se 
lected for ?lter performance. 

11. The space ?lter of claim 8 in which: 
each said element is con?gured having an outward 

portion integral with and extending from said lin 
ear portion a predetermined distance to a terminus 
and mutually oppositely disposed at an internal 
angle greater than 60°, and 

the distance between adjacent rows of said recurring 
clusters of ?lter components within said periodic 
array is less than one half the wavelength of the 
resonant frequency selected for ?lter performance. 

12. The improved ?lter component of claim 8 
wherein each said element is con?gured having an out 
ward portion integral with and extending from said 
linear portion a predetermined distance and disposed in 
parallel relationship with said bisecting axis. 

13. The improved ?lter component of claim 8 in 
which said outward portion predetermined distance is 
less than the length of an associated said linear portion. 

* * * * * 


